borne pathogens because they are usually not cooked before eating and washing only slightly reduces the bacterial contamination (U.S. FDA, 1999) .
The U.S. Food and Drug Administration's Center for Food Safety and Applied Nutrition and industry organizations, such as the International Sprout Growers Association, provide producers with guidelines for rapid screening and formal confirmation methods for detection of Salmonella and E. coli O157:H7 in sprout irrigation water. One of the recommended methods, the Assurance Gold Salmonella EIA (Biocontrol Systems, Inc., Bellevue, Wash.), was examined to evaluate the current standard in rapid screening for pathogens (Jackson, 2002) . With enrichment, the Assurance Gold test was able to detect Salmonella down to about 2 × 10 −1 colony−forming units (CFU) per mL in 48 h. However, without enrichment the sensitivity of the assay was increased to about 3 × 10 6 CFU mL −1 in an hour. These tests must be done by hand and are costly and time consuming.
Increased interest for less costly and time−consuming methods in food safety has led to the development of many different types of biosensors. Ivnitski et al. (1999) presented a review of biosensors for detection of pathogenic bacteria, including the two most common methods of detection: immunological and nucleic acid−based sensors. Immunological sensors use antibody/antigen binding techniques to recognize the desired target, coupled with some form of signal transduction. Nucleic acid sensors generally rely on the polymerase chain reaction (PCR), which amplifies a specific targeted sequence of DNA. PCR provides the opportunity for rapid, sensitive, and specific testing for Salmonella and was, therefore, used for this research. P PCR provides rapid results through the use of real−time detection, in which the PCR product is measured after each amplification cycle with dyes that have an affinity for double−stranded DNA and fluoresce upon binding. While many PCR assays have been developed for the detection of pathogens (Chiu and Ou, 1996; Abbaszadegan et al., 1999; Ogunjimi and Choudary, 1999) , PCR−based sensor systems are rare. More common are sensors that detect and measure DNA and that have the potential to be linked with PCR as an integrated system (Breimer et al., 2003; Jenison et al., 2001; Mascini et al., 2001; Tombelli et al., 2000) . Current PCR systems have some, but not all, of the components required for a fully automated system. Higgins et al. (2003) reported on HANAA, a handheld, portable thermal cycler that detected PCR products in real time. However, the authors acknowledged the need for preparation of the sample for the sensor, including DNA extraction. Bruckner− Lea et al. (2002) demonstrated an automated microcolumn system to purify DNA from a sediment sample and perform PCR. This system was tested with extracted DNA, rather than whole cells, added to a sediment sample and required gel electrophoresis for detection of DNA after PCR.
Microsensors, another class of sensors being used for PCR, have resulted from the advent of microelectromechanical systems (MEMS). MEMS involve the use of integrated circuit manufacturing technology to pattern and fabricate microstructures in single−crystal silicon wafers or glass substrates (Northrup et al., 1998) . Woolley et al. (1996) developed micromachined PCR reactors and glass capillary electrophoresis chips, with macro−scale optical detection. PCR was performed on 500 ng of genomic Salmonella DNA, after which a high voltage was used to force the sample out of the PCR reactor and into the capillary for electrophoresis and detection. The system was able to detect a Salmonella PCR product within 45 min. In a later version, Belgrader et al. (1999) performed real−time PCR in a micromachined silicon−based thermal cycler with a fluorogenic 5'−nuclease assay called TaqMan. This system performed 17 s cycles and was able to detect 5 CFU of Erwinia herbicola in 9 min. This biosensor also combined micromachining technology for the PCR thermal cycler with macro−scale optical detection.
Though they have many benefits, microsensors are not practical for development of an automated biosensor for food handling systems. Abdel found that pore sizes on the order of 3 µm could not handle bacterial concentrations greater that 200 CFU mL −1 because of clogging. Therefore, we chose to use miniature fluidic components and volumes in the 50 to 500 mL range for developing the automated biosensor in this research. Two other factors to be taken into consideration when moving from a laboratory assay for microbial detection to a practical application are enrichment and DNA extraction. Enrichment is used to culture bacterial cells to detectable levels, most often for antibody−based detection. The DNA amplification performed by PCR eliminates the need for enrichment, but inhibitors of PCR, such as polyphenols (Ogunjimi and Choudary, 1999) , usually require the DNA to be extracted from cellular and environmental components of a sample. Our goal was to carry out detection without enrichment or extraction in order to minimize total detection time and reduce the number of assay steps, which will facilitate automation in future generations of the system. A biosensor for rapid (1 to 2 h) and sensitive detection of Salmonella contamination would be a valuable food safety management tool for the fresh produce industry, especially sprouts and minimally processed commodities. Many types of sensors have been developed for detection of pathogens, including Salmonella and E. coli O157:H7. While some of these sensors had the desired sensitivity or time−frame required for pathogen detection, none were fully automated for sampling, concentration, and detection, and none were developed and validated specifically for the fresh produce and sprouting industries. Some commercial companies have recognized the need for automated sensors and have begun development of systems that integrate sample preparation with PCR detection (Cepheid Technology, Sunnyvale, Cal.) . Although similar in basic concept, the goal of our research is unique in developing a fully automated, inline system to collect, concentrate, and perform PCR detection on samples without human interaction. Such a sensor system could also be used for screening wash water in the fresh and minimally processed produce industry.
As the first phase in the design of a fully automated system, our objectives were to:
S Develop a PCR−based assay for detection of Salmonella enterica without the use of enrichment or extraction methods. S Design a thermal cycler and optical sensor for integration into an automated system. S Evaluate the detection performance of the assay and the sensor components.
MATERIALS AND METHODS

PCR ASSAY DEVELOPMENT
The FDA Guidance for Industry (U.S. FDA, 1999) recommends testing sprout irrigation water around 48 h after the start of the sprouting process, when pathogens are most likely to be at detectable levels. To prepare irrigation water for testing, 100 g of alfalfa seeds were washed three times with 2% Ca(OCl) 2 (pH 7 to 8), an FDA−approved seed disinfectant treatment. The seeds were germinated in a 2 L flask with 900 mL of tap water. This mixture was incubated at 18°C in an enclosed shaker at 90 rpm, and the water was changed twice each day. After 48 h, serial dilutions of the appropriate S. enterica serovar were made in the irrigation water.
Several oligonucleotide primer sets were tested against different serovars of S. enterica for sensitivity and specificity (Jackson, 2002 ). An INVA primer set from Chiu and Ou (1996) gave the best results and was used to develop the assay. The INVA primer set produced a 244 base−pair (b) fragment from the invasion gene, invA, and consisted of INVA1 (5'ACA GTG CTC GTT TAC GAC CTG AAT 3') and INVA2 (5'AGA CGA CTG GTA CTG ATC GAT AAT 3'). The primers were synthesized by Integrated DNA Technologies, Inc., Coralville, Iowa. Using the INVA primers to target the invA gene was effective because all of the nearly 2000 Salmonella serovars are thought to contain the invA gene, which enables the bacteria to invade cells. Chiu and Ou (1996) examined the specificity of the primers with 23 S. enterica serovars and 18 non−Salmonella genera, including Escherichia, Shigella, and Citrobacter, which are most similar to Salmonella (Crosa et al., 1973) . No DNA was amplified from the non−Salmonella genera, while a 244 b fragment was amplified from all the S. enterica serovars tested.
Our laboratory assay was based on 50 mL PCR reactions, consisting of 25 mL of 2× SYBR Green PCR Master Mix (4309155, Applied Biosystems, Foster City, Cal.) and 25 mL of sample, with final INVA primer concentrations of 2 mM each. The SYBR Green Master Mix is optimized for real−time PCR assays and contains SYBR Green I dye, AmpliTaq Gold DNA Polymerase, dNTP Mix with dUTP, Passive Reference I, and buffer components (concentrations are proprietary). The samples consisted of serial dilutions of sprout irrigation water inoculated with Salmonella enterica serovar Newport (S. Newport, isolated from a 1995 sprout− associated outbreak by the Department of Health, Berkeley, Cal.). Serial dilutions were made from a suspension of S. Newport in sterile water with an optical density of 0.2 at 600 nm, corresponding to about 10 8 CFU mL −1 . To estimate the actual populations, 100 mL of the 10 2 and 10 3 CFU mL −1 dilutions were plated on Luria Bertani (LB; EM Scientific, Gibbstown, N.J.) agar, yielding about 10 1 and 10 2 CFU for counting (Jackson, 2002) . The reactions were run on a real−time PCR machine (GeneAmp 5700, Applied Biosystems, Foster City, Cal.) with an initial step of 5 min at 94°C to lyse the cells, then 40 cycles of 30 s at 94°C, 30 s at 55°C, and 1 min at 72°C. Gel electrophoresis was used to confirm the PCR product size. PCR reactions were mixed with a tracking dye and electrophoresed in a 1.2% agarose gel in Tris−Acetate EDTA buffer. The gel was stained with ethidium bromide and photographed under UV light. Neither enrichment nor DNA extraction methods were performed in the assay.
SENSOR COMPONENT DESIGN
The first step to implement the PCR assay into an automated biosensor was the design of a fluorescent optical sensor, as shown in figure 1. A sample tube sits in a PVC block, with a 1 mW, 635 nm laser diode (LJP6351A5−TC, Lasermate, Walnut, Cal.) for excitation of a DNA dye. The laser diode was a simple source of high−intensity, monochromatic, collimated light to illuminate the sample. The DNA dye, TO−PRO−3 (642/661, T−3605, Molecular Probes, Eugene, Ore.), was chosen to match the excitation wavelength of the laser diode. A bandpass interference filter (700 ±20 nm, 42−5587−000, Coherent, Auburn, Cal.) and a photodiode (BPX61, Siemens, Cupertino, Cal.) perpendicular to the laser diode measured fluorescence from the sample. A logic level signal to a Darlington driver switched on the laser diode for excitation of the dye. Figure 2 shows a thermal cycler, which utilized a thermoelectric module (TED−3030−127−4.0−VT, TE Distributing, Inc., Hendersonville, Tenn.) for heating and cooling. An aluminum block was designed to transfer heat from the module to a sample tube, and a heat sink and fan were used to remove heat from the module during cooling. Thermal cement (OB−400, Omega, Stamford, Conn.) was used for good heat transfer between the module, aluminum block, and heat sink. Foam insulation was fit around the aluminum block to minimize heat transfer with the ambient air. A thermistor (DC95F502W, Thermometrics, Edison, N.J.) embedded in the aluminum block sensed the sample well temperature, allowing feedback control of the system. System electronics included the thermistor for temperature sensing, a microcontroller and switching circuit to control the thermal cycling, and a circuit for amplification and noise filtration of the fluorescent signal (Jackson, 2002) . The signal from the thermistor circuit was read by the microcontroller (PowerDrive/V−25, Tern, Inc., Davis, Cal.) at a sampling frequency of 1 Hz and converted to the well temperature. Well temperature was corrected using propor− tional integral (PI) control to adjust power to the system with pulse width modulation. A relay was set to normally heat the thermoelectric module; it switched to cooling when a digital output from the microcontroller energized the relay driver. During development of the temperature control system, actual sample temperatures were measured with a type−T thermocouple (0.254 mm wire diameter) placed in the middle of a sample volume of water. Figure 3 shows the typical response of the system during thermal cycling. The sample well temperature was acquired from the microcontroller, while the sample temperature was externally monitored with the type−T thermocouple. Regulating the temperature of the sample based on the sample well posed an interesting control problem. When the sample well reached the setpoint temperature, the system would decrease power to maintain the temperature. Because the sample temperature lagged behind the sample well, the decreased power caused the rate of heat transfer to the sample to decrease as well. To increase the rate of heat transfer to the sample, the control was set to exceed the setpoint, allowing the sample to continue heating and reach the setpoint faster.
Signal conditioning for the optical sensor consisted of a photovoltaic amplifier with a gain of 10 7 V/A to convert current from a photodiode into a voltage. Power line and high−frequency noise were filtered by an 8th−order, low−pass, Butterworth, switched−capacitor filter (291, Maxim, Sunnyvale, Cal.) with a break frequency of 16.7 Hz. A first−order low−pass filter with a break frequency of 19.4 Hz was used to attenuate clock noise from the switched capacitor filter, add an additional gain of 10, and provide offset adjustment for the output.
EVALUATION OF SENSOR COMPONENTS
Preliminary calibration of the fluorescent optical sensor was performed with calf thymus DNA (15633−019, Life Technologies, Carlsbad, Cal.). The DNA was used to make 500 mL serial dilutions in distilled water, from 100 to 0.01 mg mL −1 , with 2 mM TO−PRO−3 dye in each sample.
Evaluation of the thermal cycler coupled with the optical sensor was performed with serial dilutions of S. Newport in sterile water. Populations of 10 6 through 10 1 CFU were tested randomly, with three replications at each level. All replications of a particular population were tested on the same day from the same dilution sample to ensure the same population for each replication. A negative control was repeated on three randomly selected days. The reactions consisted of 250 mL SYBR Green Master Mix and 250 mL sample, with 0.2 mM of each primer and 2 mM TO−PRO−3 dye. Samples consisted of the population of S. Newport to be tested in sterile water. Serial dilutions of S. Newport were plated on LB to determine the actual populations. PCR was performed at slightly different temperatures than the laboratory assay (Jackson, 2002) , including an initial step of 4 min at 92°C, and 35 cycles of 30 s at 92°C, 20 s at 52°C, and 30 s at 70°C, with an additional minute of extension time at the end of the last cycle. The sample tubes were allowed to cool and then transferred to the optical sensor for end−point testing. Positive (approximately 10 7 CFU) and negative (0 CFU) controls were also run on the commercial real−time machine each day. The positive control verified that the reagents were active, and the negative control ensured that there was no Salmonella contamination. Scale−up from 50 mL to 500 mL PCR reactions was previously tested and showed little impact on PCR efficiency (Jackson, 2002 ). These tests were duplicated with serial dilutions of S. Newport in sprout irrigation water using the same procedure as above. To further examine the effect of day−to−day variations in sprout batches, the calibration was repeated by testing all population levels and the negative control on the same day with a daily batch of sprout irrigation water. Three days of testing produced three sets of data for comparison. Serial dilutions were made in sterile water and plated on LB to determine actual populations. Figure 4 shows the assay results with backgrounds of sterile water and sprout irrigation water. The sample fluorescence was measured at each cycle, and results were based on the cycle (C t ) at which the fluorescence diverged from the negative control and reached a threshold level. Results were considered positive if the threshold was reached before the negative control reference. Although it appears that all levels of S. Newport CFU in sterile water were detected, this was a single replicate test and the results at the lower populations were probably not significantly different from the negative control. A substantial divergence occurred at 4 × 10 3 CFU, suggesting a limit of detection of between 4 × 10 2 and 4 × 10 3 CFU. The data for sprout irrigation water show more variability, with C t of the lowest population actually above the negative control value. Nevertheless, a substantial decrease was found at 2 × 10 3 CFU, suggesting a detection limit of between 2 × 10 2 and 2 × 10 3 CFU. With the sensitivity using sterile water and sprout irrigation water about the same, the expected inhibition of the PCR reaction from sprout irrigation water was not evident. These results demonstrated that PCR−based detection of low levels of Salmonella in an environmental sample is possible without DNA extraction.
RESULTS AND DISCUSSION
LABORATORY ASSAY
OPTICAL SENSOR CALIBRATION
Calibration results of the optical sensor given in figure 5 show output voltage associated with the concentration of perfect PCR amplification of a 244 b fragment over a fixed number of cycles (n), the number of bases (n b ) at the end of the reaction is given by:
where c is the initial CFU in the sample. For a 35−cycle PCR, the sensor detection limit would be achieved with a starting concentration of 1 CFU. Therefore, the optical sensor should not be a constraint in the detection limit of the overall sensor system. Figure 6 shows the system calibration with a sterile water background, including the negative control average and a variability band based on twice the standard deviation of the control (i.e., ±2s). Data from the four highest populations were used for a linear regression, producing the regression equation:
EXPERIMENTAL EVALUATION OF THE SENSOR COMPONENTS
and yielding the calibration equation:
where v is fluorescence signal (mV). The system limit of detection for Salmonella in sterile water was about 7.3 × 10 4 CFU, which was one to two orders of magnitude above the assay results from the commercial thermal cycler. Figure 7a shows the system calibration results from the first set of tests in sprout irrigation water. Only the two highest concentrations were outside the negative control interval, giving a detection limit of about 8.9 × 10 5 CFU. Figure 7b shows the system calibration results from the second set of tests, done with serial dilutions from a fresh batch of irrigation water made each day, so the populations differed slightly over the three days of testing. This allowed a better picture of the day−to−day variations due to sprout irrigation water. Differences due to the sprout water increased the output variability, so only the largest population level (1.5 to 4.0 × 10 6 CFU) was consistently above the negative control. Figure 7c shows the sprout irrigation water calibration data pooled. Both groups seem to be consistent, with only the highest populations (1.5 × 10 6 to 1.9 × 10 7 CFU) having signals above the negative control interval. Data from the three largest target populations were used for a linear regression, producing the regression equation: v = 12.6 ln(c) + 16.1
Detection limits from testing the sensor components in both sterile water and sprout irrigation water were greater than those from the assay done on the commercial thermal cycler. This loss of sensitivity could be due to the fact that two DNA dyes were included in the sample and could be competing for DNA binding sites. The original assay was tested with just SYBR Green, with TOPRO−3 added later for detection with sensor components. However, previous results (Jackson, 2002) showed that the TOPRO−3 signal did not suffer from the addition of SYBR Green, and may have even been increased. The difference in detection limits is better explained by previous testing, which showed that TOPRO−3 did not have a higher affinity for double−stranded DNA than for single−stranded DNA, necessitating a decrease in primer concentration from the laboratory assay to the sensor component testing (Jackson, 2002) . Decreased primer concentrations were observed to reduce the PCR efficiency and sensor signals, which would have contributed to higher detection limits. Furthermore, the affinity of the dye for both single− and double−stranded DNA means that small changes in PCR product (double−stranded DNA) would not be distinguishable from the background signals caused by primers (single− stranded DNA). A dye with a higher affinity for double−stranded DNA would probably allow for better detection of PCR products over the background signals, and allow higher primer concentration to be used. Other possibilities for better detection over background signals include fluorophores designed to bind to specific PCR products. Fluorescence signals from the sprout irrigation water tests were lower than from the sterile water tests. This could be due to the inhibitory effects on PCR expected from sprout irrigation water. However, because signal differences were also observed with the negative controls, there were probably components directly affecting the TO−PRO−3. Common plant compounds, such as chlorophyll, absorb light in the TO−PRO−3 emission range. Some of the fluoresced light measured in sterile water would be absorbed by these compounds in sprout irrigation water, thereby reducing signals. A simple test could have been performed to validate this claim, but because there was an effect on all signals, including the negative control, it probably did not significantly impact the limit of detection.
CONCLUSIONS
A real−time PCR assay was developed for the detection of Salmonella in sprout irrigation water. Specific detection of Salmonella was achieved by targeting a region of the invasion gene, invA. PCR reactions with a commercial thermal cycler included an initial step of 5 min at 94°C to lyse the cells, then 40 cycles of 30 s at 94°C, 30 s at 55°C, and 1 min at 72°C, with SYBR Green dye for real−time detection. The detection limit for Salmonella in sterile water was approximately 400 CFU, and in sprout irrigation water the detection limit was approximately 200 CFU.
Components for an automated sensing system were designed, including a thermal cycler and a fluorescent optical sensor. The thermal cycler utilized a thermoelectric module for heating and cooling the sample block and a heat sink and fan to remove heat from the module during cooling. A thermistor mounted in the sample block allowed feedback temperature control. Sample temperature was controlled to within about 1°C at each PCR setpoint (92°C, 52°C, and 70°C). The optical sensor used a laser diode (635 nm) for excitation and a bandpass interference filter (700 ±20 nm) coupled with a photodiode for fluorescence detection. The DNA dye, TO−PRO−3 (642 nm excitation; 661 nm emission), was chosen to match the excitation wavelength of the laser diode. Calibration of the optical sensor with calf thymus DNA showed detection down to 0.01 mg mL −1 , demonstrating the potential to detect low levels of PCR products.
When the sensor components were used to implement the real−time assay, S. Newport was detected in sterile water to approximately 7.3 × 10 4 CFU and in sprout irrigation water to approximately 1.5 × 10 6 , thus showing reduced sensitivity compared to the assay run on the commercial thermal cycler. Further optimization of the assay in the sensor will be needed to improve the detection limits.
The sensor components provided a positive first step toward a fully automated system without the need for enrichment or extraction. In future work, we will focus on the addition of a sampling method and integration of the optical detection with thermal cycling through fluidics.
